Abstract: Nowadays sustainable technologies gain in importance. A promising field of activity is the exhaust air treatment by adsorption, especially the removal and recovery of valuable substances like solvents. In this letter three types of adsorbents, being the critical part in technical separation processes by adsorption, are evaluated according to separation of isopropanol from humid air. Isopropanol has been chosen as it is one of the frequently used solvents which need to be separated from humid air in practice. The suitability and performance as well as information about the possible constraints are derived from state of the art measurements and multifaceted analyses of the experimental data. The evaluation is based on physical data, isotherms at different temperatures and for both components, isopropanol and water, as well as on energetic calculations and comparison with values from recent literature.
INTRODUCTION
The separation of pollutants, odorants and valuable substances from ambient air is an omnipresent task. It concerns big exhaust gas flows from industry as well as crafting and households. Process exhaust air which occurs during industrial processing is often treated under various aspects: Valuable substances like solvents may be recovered, pollutants and odorants have to be fully removed in order to fulfil legal specifications and to protect environment and citizens.
The reduction of pollutant and odor emissions caused by handcraft and households is mandatory in order of environmental protection and the integration of business into residential areas in densely populated areas [1, 2] . Exhaust gas at ambient conditions contaminated with process-specific compounds which have to be removed is often also loaded with water vapor. The focus of this work is on adsorption, seen as a sustainable separation technology, providing economic and ecologic advantages [3] . The crucial point is the concentrating effect for certain types of vapors, which is exploited by solvent recovery and economic thermal incineration of pollutants. Exemplarily isopropanol was used, because it represents a widely employed solvent and, as a model substance for, organic odorants according to its size, polarity and other physical properties.
It is applied for the extraction and purification of natural products as well as for several cleaning processes in industry, handcraft and households.
Beneath the adsorption of isopropanol, water vapor is considered as adsorptive which is omnipresent and may reduce the separation efficiency of the applied process. The negative influence of water adsorption onto the technical adsorption of solvents is known from specific applications and recent analyses [4] [5] [6] [7] .
The chosen adsorbents represent possible base materials for technical adsorption processes applicable for industry and handcraft facilities. They represent a preselection of recently developed adsorbents which are designed for the removal of organic compounds by a fixed bed system. Various verified analyses and methods [8] [9] [10] [11] are applied in order to evaluate their properties.
EXPERIMENTAL
For the analysis described within this publication, three different types of adsorbents were selected. Two functionalized mesoporous silica materials denoted as HSU 10 and HSU 11 and a modified zeolite denoted as HSU 50 were chosen as appropriate model structures. All samples were dried for 24 hrs at 60 °C under vacuum (p < 10 -2 kPa).
For the determination of the specific surface, total pore volume, micropore volume and average pore diameter the complete adsorption and desorption isotherms were measured at 77 K with nitrogen as adsorbate. All measurements were carried out on a volumetric adsorption analyzer (BEL-SORP-mini II, BEL Japan INC, Osaka, Japan) in the relative pressure range of 0 > p* < 0.995. The flow chart of the device is shown in Fig. (1) . The evaluation of the data was performed according to the standard evaluation methods (BET [12, 13] and BJH method [14, 15] and other standardized procedures e. g. DIN ISO 66135 [16] [17] [18] ).
The water and isopropanol vapor adsorption measurements were performed at two different temperatures (283 K, 296 K) on a volumetric vapour adsorption analyzer (BEL-SORP-aqua , BEL Japan INC, Osaka, Japan) with integrated degassing facility for liquids in the relative pressure range of 0.05 < p < 0.95. The flow chart of the instrument is also given in figure 1 (right side). Up to three samples can be measured simultaneously.
Both liquids were degassed several times before the measurement by freezing in liquid nitrogen and evacuation of frozen material. The vaporization temperature was set to 80 °C for thermostating the vapor pressure cell and the manifold of the instrument. The sample temperature was controlled by a Peltier element and an appropriate thermostatisation? liquid. For the vapor measurements an equilibrium time of 800 sec was used for the complete isotherm, for each measurement cycle all three samples were measured simultaneously at one set of parameters.
RESULTS AND DISCUSSION
Applying these different experimental methods, data were generated for analyses of the three adsorbents. Table 1 presents the physical data of the three adsorbents taken into account within the scope of this study. All adsorbents show a comparable specific surface A BET of at least 326 m 2 /g. But there are considerable differences according to the specific pore volume V Pore and the pore size distribution. While HSU 10 and HSU 11 show large pore volumes and mesopores, HSU 50 reveals a significant proportion of micropores and therefore a smaller mean pore diameter D P of 0.9 nm.
Furthermore adsorption isotherms for isopropanol and water have been determined at temperatures of 283 K and 296 K. This reveals information on adsorption equilibria in a technically relevant spectrum of temperature and concentration for both competitive adsorptives. Moreover isosteric heats of adsorption were calculated in order to estimate affinities between adsorbents and adsorptives under various conditions and to provide criteria for the selection of adsorbents for specific technical applications. 2) shows isotherms for isopropanol at 296 K for all three adsorbents. According to the IUPAC classification [19, 20] type IV can be identified for HSU 10, HSU 11 and HSU 50. This is reasonable considering the aforementioned pore structure of the adsorbents. Thus all analyzed adsorbents show a plateau in loading of approximately 1.7 mmol/g from 10 % to 45 % saturation.
At high saturation conditions of above 90 % the samples reach different saturation loadings of 12.7 mmol/g for HSU 10, 9.5 mmol/g for HSU 11 and 2.3 mmol/g for HSU 50, respectively. An important aspect is the large hysteresis in the isotherms on the adsorbents HSU 10 and HSU 11. This has to be considered while handling the desorption of isopropanol by increasing temperature, lowering concentration or pressure, respectively. Contrary to that the isotherm on the HSU 50 sample shows a much less pronounced hysteresis than expected for a predominantly microporous material.
The initial part of the isotherms at a saturation below 10 % is depicted in Fig. (3) . The small outlying peaks are caused by randomly measuring uncertainties during the measurement process within the low pressure range. Low concentrations of isopropanol are expected at technical applications in industry. Therefore this part of the isotherms is of special interest. Hence HSU 11 reveals the highest loading at every concentration in this area.
In contrast to isopropanol as adsorptive, water leads to different types of isotherms as depicted in Fig. (4) .
For the adsorbents HSU 10, HSU 11 and HSU 50 isotherms being rather of type V can be identified. Pore condensation effects appear strongly as well again for HSU 10 and HSU 11 at 80 % and 70 % of saturation, respectively. Furthermore the maximum loadings reached at full saturation are significantly higher compared to those with isopropanol. Thus the operation conditions of adsorbents have to be analyzed carefully, as water pore condensation effects appear within a few percent of saturation.
At all states of saturation HSU 50 distinguishes itself by lower water loadings. Again, only a very small hysteresis can be observed for this material, indicating the low mesopore volume of HSU 50.
From the saturation loadings the pore filling degree is revealed and presented in Table 2 , proving, that the pores of HSU 10 and HSU 11 are nearly filled with water as well as isopropanol at the given conditions. In contrast HSU 50 shows a significant higher degree of pore filling for isopropanol compared to water, but a lower degree of pore filling in general. A hydrophobic surface structure and a ratio of 51 % micropores rated by pore volume (V Pore ) explains these observations.
For both adsorptives the structure of the isotherms does not change while decreasing the temperature to 283 K. As an example we show here the adsorption of isopropanol on HSU 10 at the two different temperatures in Fig. (5) .
The loadings and the shape of the isotherm generally remain unchanged. However, at lower temperatures the saturation is reached at lower absolute pressures due to the change in saturation vapour pressure. For representations using the degree of saturation (relative humidity), the abscissa of the isotherms almost coincides with the usually small change in loading due to temperature change.
In order to describe the affinity between isopropanol and water and the adsorbents, the isosteric adsorption heat Q ST is calculated applying the Clausius-Clapeyron equation (1): Fig. (4) . Isothermes for water and adsorbents HSU 10, HSU 11 and HSU 50 at 296 K. Fig. (5) . Isothermes for isopropanol and HSU 10 at 283 K and 296 K, respectively.
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The determination of Q ST is based on the two adsorption isotherms at different temperatures which results in the graphs presented in Fig. (6) . The calculated data are linked to their respective loadings.
It can be seen that the adsorption is an exothermal process. The adsorption of water is for all three adsorbents less exothermal than the adsorption of isopropanol. The positive values of the isosteric adsorption heat for water at lowest loadings represent an artefact based on measurement uncertainties amplified by the above mentioned methods of data analyses.
Q ST represents the sum of the heat of condensation H v and the binding energy H b :
H v is not dependant on the loading, but on temperature and pressure which are kept constant. Hence H v is calculated to 44.1 kJ/mol for water [21] and 45.7 kJ/mol for isopropanol [22] at 296 K. The graphs in Fig. (6) reveal that Q ST converges for both adsorptives and all three adsorbents with the value of H v at high loadings. Hence, at high degrees of saturation or high loadings respectively condensation of the vapour onto the inner pore surface takes place. In this case the interaction between the surface of the adsorbent and the adsorptive molecules has only a very minor influence:
thus, implementing (3):
At very low loadings an incomplete monolayer of adsorbate can be assumed, hence H b strongly affects Q ST following equation (3) . Thus, the affinity of the adsorbateadsorbent-bond can be estimated based on the values at low loadings presented in Fig. (6) . Hence the binding energy for all three adsorbents is predominantly negative for the interaction with isopropanol and positive with water. The isosteric heat of adsorption for both adsorptives converges to their heat of condensation at high loadings. Thus, we find that the affinity of water increases with loading, and relative humidity, respectively. At low loadings the isosteric heat of adsorption is much smaller than the heat of condensation. This is due to the hydrophobic nature of the surface of the HSU 10 and HSU 11 adsorbents. In contrary, the affinity between isopropanol and the adsorbent surface decreases with increasing loading (relative saturation). At low loadings it is much stronger than the heat of condensation [23, 24] .
CONCLUSION
Nitrogen, water and isopropanol adsorption were measured on three specific and partly functionalized adsorbent materials. All three matters show a fundamental suitability for the removal of isopropanol from exhaust air. The HSU 10, HSU 50 and HSU 11 materials adsorb more than 1 mmol/g of adsorbent material at a few per cent of saturation. This corresponds to a mass loading of at least 6 % (w/w). For very low concentrations below 1 % of saturation of isopropanol, HSU 11 is identified as the material with the highest initial slope of the isotherm. At concentrations between 10 % and 50 % of saturation HSU 11 shows a slightly higher loading. While the microporous material HSU 50 reveals almost no pore condensation effects at high loadings, HSU 10 and HSU 11 present a strong increase in the loading at 80 %, and 70 % of saturation, respectively due to pore condensation in their mesoporous framework.
In contrast to this, isotherms for water adsorptionIn contrast to this, isotherms for water adsorption can be more strongly distinguished. HSU 50 has slowly increasing loadings up to 3 mmol/g, which corresponds to a mass loading of 5.4 % (w/w), while HSU 10 and HSU 11 reach after a nearly linear increase a value of 4 mmol/g at 50 % of relative humidity. Pore condensation takes place in these materials at 85 %, and 75 % of relative humidity, respectively.
While HSU 10 and HSU 11 show very high degrees of pore filling for both, isopropanol and water, HSU 50 reveals a significant higher degree of pore filling for isopropanol compared to that of water.
From the isotherm data at different temperatures isosteric adsorption heats were calculated and presented. The value of the isosteric adsorption heat for water is at low loadings smaller than the heat of condensation, thus indicating the hydrophobic nature of the surface of the adsorbents. The peak values are consistent with recent findings from litertature [23] [24] [25] . For isopropanol the opposite is true. Here the isosteric adsorption heat decreases with increasing loading. This finding is in good agreement with comparable systems presented by Muminov [26] and Taraba [27] . For both adsorptive vapours the heat of adsorption converges into the condensation heat at high loadings or degrees of saturation, respectively [23, 24] .
The usage of Dubinin-Astakhov-model for the description of these pore condensation effects and in order to estimate isosteric adsorption heat has been reported recently by Pires et al., [28] . The derived results are according to the regime in good agreement with the results presented in this paper. The presented adsorbents show a significant higher affinity towards isopropanol than to metal alizarinate complexes [29] .
Thus the determined materials reveal different characteristic properties and are suitable for various fields of application. These range from the recovery of a solvent like isopropanol from dry and humid air to the cleaning of exhaust gas by removal of organic compounds.
It is emphasized, that this multifaceted analyses is based directly on experimental results created using commercially available, state of the art volumetric equipment. The next step has to be the experimental investigation of the competitive adsorption of mixed isopropanol and water vapour applying an even more sophisticated experimental setup.
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